The Central X-Ray Point Source in Cassiopeia A 
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g : ABSTRACT 

, The spectacular "first light" observation by the Chandra X-Ray Observatory revealed an X- 

' ray point source near the center of the 300 yr old Cas A supernova remnant. We present an 

r~| . analysis of the public X-ray spectral and timing data. No coherent pulsations were detected in 

Qh' the Chandra/RRC data. The 3a upper hmit on the pulsed fraction is <35% for P > 20 ms. The 

Chandra/ ACIS spectrum of the point source may be fit with an ideal blackbody {kT=Q.5 keV), 
' or with blackbody models modified by the presence of a neutron star atmosphere (fcT=0.25-0.35 

, keV) , but the temperature is higher and the inferred emitting area lower than expected for a 300 

' yr old neutron star according to standard cooling models. The spectrum may also be fit with a 

power law model (photon index F = 2.8-3.6). Both the spectral properties and the timing limits 
of the point source are inconsistent with a young Crab-like pulsar, but are quite similar to the 
properties of the anomalous X-ray pulsars. The spectral parameters are also very similar to those 
' of the other radio-quiet X-ray point sources in the supernova remnants Pup A, RCW 103, and 

PKS 1209-52. Current Hmits on an optical counterpart for the Cas A point source rule out models 
that invoke fallback accretion onto a compact object if fallback disk properties are similar to those 
in quiescent low-mass X-ray binaries. However, the optical limits are marginally consistent with 
plausible alternative assumptions for a fallback disk. In this case, accreting neutron star models 
can explain the X-ray data, but an accreting black hole model is not promising. 

Subject headings: accretion, accretion disks — black hole physics — stars: neutron — stars: peculiar — 
supernova remnants — supernovae: individual (Cas A) 

INTRODUCTION tating (P - 10-30 ms) neutron stars (NSs), as in 

the young radio pulsars found in the Crab Neb- 
For over three decades, it has been well estab- and nearly a dozen other supernova remnants 

:pli 
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lished that (some) supernova explosions give rise (SNRs). In some cases, a synchrotron nebula (or 

to strongly magnetized {B ~ lO^^ G), rapidly ro- "plerion") has been detected around the pulsar, 

' powered by non-thermal emission from the NS. 

^Also Theoretical Astrophysics, CaUfornia Institute of „ . . i i\ i i i i 

Technology, Pasadena, CA 91125 Emission (m some cases pulsed) has been detected 



1 



at other wavelengths (optical, X-ray, gamma-ray) 
arising from thermal and non-thermal processes. 
However, several clues have recently emerged sug- 
gesting that this paradigm is incomplete (sec 
Kaspi 2000 and Gotthelf & Vasisht 2000 for recent 
reviews). First, there are the six slowly-rotating 
(P ^ 6 s) "anomalous X-ray pulsars" (AXPs), 
which seem to be young isolated NSs and may 
have extremely strong {B ~ 10^^-10^^ G) sur- 
face magnetic fields (Mcrcghctti 2000). Half of 
the AXPs are associated with SNRs. Possibly re- 
lated are the four known soft gamma-ray repeaters 
(SGRs), which in quiescence share many proper- 
ties with AXPs and may also be associated with 
SNRs (Hurley 2000). 

Also intriguing has been the identification of 
at least three radio-quiet non-plerionic X-ray 
point sources near the centers of SNRs (Pup A, 
RCW 103, and PKS 1209-52; see Brazier & John- 
ston 1999 and references therein). These objects 
have X-ray spectra roughly consistent with young, 
cooling NSs, but show no evidence for either X- 
ray pulsations or emission at other wavelengths 
(in contrast to "normal" young NSs). Finally, 
the ongoing failure to detect clear evidence for a 
young NS in the remnant of SN 1987A in the Large 
Magellanic Cloud (LMC) has renewed theoretical 
interest in alternative models for the aftermath of 
a SN explosion, especially with respect to fallback 
of ejected material onto a newborn NS. Several 
groups have concluded that, under some circum- 
stances, a newborn NS might collapse into a black 
hole (BH) shortly after birth (Brown & Bethe 
1994; Woosley & Timmes 1996; Zampieri et al. 
1998; Fryer, Colgate, & Pinto 1999). 

Nearby SNRs without known stellar remnants 
arc thus obvious targets for further study. Af- 
ter SN 1987A, the youngest known SNR in our 
Galaxy or the satellite Magellanic Clouds is Cas- 
siopeia A. Its parent supernova was evidently no- 
ticed (though misunderstood) by Flamsteed in 
1680 (Ashworth 1980). This Thist = 320 yr his- 
torical age for Gas A is consistent with its opti- 
cal expansion time scale (van den Bergh & Kam- 
per 1983), though somewhat shorter than its X- 
ray (tx « 500 yr; Koralesky et al. 1998, Vink 
et al. 1998) and radio (rradio ~750-870 yr; An- 
derson & Rudnick 1995) expansion time scales. 
The progenitor of this oxygen-rich SNR was prob- 
ably a very massive (zero-age main sequence mass 



MzAMS > 2OM0) late WN-type Wolf-Rayct star 
which underwent prodigious mass loss via a stellar 
wind and eventually exploded as a type H super- 
nova (Fcscn, Becker, & Blair 1987). The inferred 
distance to Gas A is 3.4^0 kpc (Reed et al. 1995). 
The remnant subtends 4 arcmin in the sky, is one 
of the brightest non-thermal radio sources, and has 
been extensively studied in the radio, optical, and 
X-ray bands. 

The Chandra X-Ray Observatory "first light" 
observation on 1999 August 20 revealed the pres- 
ence of a compact X-ray source near the geometric 
center of Gas A (Tananbaum 1999). The source 
morphology is point-like, with no obvious evidence 
for extension or a surrounding nebula (e.g., a ple- 
rion). The discovery announcement notes that no 
obvious counterparts were detected within a 5 arc- 
sec radius of the point source position on 20 cm 
radio maps or optical images. Previous X-ray mis- 
sions lacked sufficient spatial resolution to sepa- 
rate the point source from the diffuse SNR emisi- 
son. However, armed with the Chandra position, 
Aschenbach (1999) detected the point source in 
archival 0.1-2.4 keV X-ray images taken with the 
ROSAT/WRl in 1995-1996, and Pavlov & Zavhn 

(1999) recovered the point source in archival 0.5-4 
keV X-ray images taken with the Einstein/'HRl in 
1979 and 1981. The Einstein, ROSAT, and Chan- 
dra count rates were consistent with a constant X- 
ray source flux over all the observations (Pavlov 
& Zavlin 1999; Pavlov et al. 2000). They also 
noted that the observed spectrum appeared to be 
inconsistent with pure blackbody radiation from 
the entire surface of a cooling NS. Umeda et al. 

(2000) speculated on some possible scenarios for 
the nature of the point source, based on these early 
results. 

In this paper, we present a detailed analysis of 
the X-ray spectral and timing features of the cen- 
tral point source in Gas A, based on the available 
public Chandra data. In §2, we give a detailed de- 
scription of the observation and our data analysis, 
including our efforts to verify the instrumental cal- 
ibration. In §3, we discuss our results in the con- 
text of various models for the nature of the point 
source. We summarize our flnding in §4. While 
completing our manuscript, we learned of another 
paper presenting an independent analysis of the 
spectral data by Pavlov et al. (2000). They used 
a subset of the data that we discuss in our pa- 
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per, and their spectral results are consistent with 
ours within the uncertainties. We include a brief 
discussion of their preferred interpretation in §3. 

2. OBSERVATIONS AND ANALYSIS 

Chandra (formerly AXAF: Weisskopf et al. 
2000) was launched on 1999 July 23. Its High Res- 
olution Mirror Assembly (HRMA) , which consists 
of four pairs of nested grazing-incidence Wolter 
type I mirrors with a 10 m focal length, focuses 
X-rays in the 0.1-10 keV range. The on-axis point- 
spread function of the HRMA has a 50% energy 
width of 0.25 arcsec at 0.3 keV and 0.6 arcsec at 
9.7 keV. Numerous imaging observations of Cas A 
have been made by Chandra as part of the mis- 
sion's Orbital Activation and Checkout (OAC) 
calibration program. All OAC data are immedi- 
ately in the public domain. Most of the Cas A 
observations were made using the Advanced CCD 
Imaging Spectrometer (ACIS; Burke et al. 1997), 
which records both the sky position (0.49 arc- 
sec/pixel) and the energy {AE w 50-200 eV) of 
each detected photon in the 0.1-10 keV range, 
with a time resolution of 3.2 s. A few of the ob- 
servations were made with the High Resolution 
Camera (HRC; Zombeck et al. 1995; Murray et 
al. 1997), which precisely records the sky posi- 
tion (0.13 arcsec/pix) and arrival time^ (Af=16 
lis) of each detected photon, but with modest 
{E/AE ^ 1) energy resolution. No diffraction 
gratings were in place for any of the ACIS or HRC 
observations. A summary of the observations used 
in our analysis is given in Table 1. 

2.1. ACIS Data Reduction 

As the analysis tools and calibration for Chan- 
dra are still under development at this early stage 
of the mission, we will describe our data reduc- 
tion, analysis, and verification steps in detail. In 
using the ACIS data to derive a spectrum for the 
point source in Cas A, we have restricted our anal- 
ysis to the four exposures obtained during 1999 
August 20-23 with Cas A placed on the back- 
illuminated (BI) ACIS S3 chip, for three reasons. 

recently identified wiring problem in the HRC onboard 
electronics has caused the event timing accuracy to be de- 
graded to ~4 ms for the data presented in this paper (S. S. 
Murray 2000. private communication; Sewcird 2000). See 
§2.3 for further discussion. 



First, preliminary analysis showed that the point 
source spectrum was relatively soft, and the two 
BI chips (SI and S3) have superior low energy 
response compared to the front-illuminated (FI) 
chips. Second, we wished to optimize the Chandra 
point spread function by minimizing the off-axis 
angle of the point source, and the Chandra aim 
points for ACIS lie on either the S3 or 13 chips. 
Inspection of the Cas A images obtained on the 
other ACIS chips shows that the point source is 
spread out over many more pixels, making it more 
difficult to separate from the background; the ef- 
fective area of the mirror and detector combina- 
tion at these angles is also reduced. Finally, the 
BI chips have not suffered the radiation damage 
that degraded the energy resolution of the FI chips 
soon after launch, and so are better calibrated at 
this early stage in the mission. A summary of the 
observations we used is given in Table 1. 

We obtained the fully processed (level 2) ACIS 
event data for these observations from the Chan- 
dra Data Archive. The data were acquired in 
Timed-Exposure/Faint mode, with a frame read 
out every 3.2 s. A substantial number of frames 
was lost to telemetry saturation due to the high 
total count rate from Cas A, resulting in an over- 
all observation duty cycle of 42%. We filtered the 
events from the surviving frames, accepting only 
those which fell within the "standard" event grade 
set (grades 0-|-2-|-3-|-4-|-6) in order to maximize the 
ratio of X-ray to non-X-ray events, and addition- 
ally discarding events with very large pulse heights 
as due to cosmic rays. For all the observations, the 
ACIS focal plane temperature was —100° C. 

We did not attempt to improve tipon the space- 
craft aspect solutions from the standard process- 
ing, but instead proceeded from the assumption 
that the central source in Cas A is indcxxl point- 
like in morphology, as determined by Tananbaum 
(1999). For each observation, we extracted all 
events located within a given radius of the centroid 
position of the point source. Ideally, we would use 
the calibrated angular response of the HRMA to 
choose an extraction radius which encircled some 
fixed fraction (e.g., 95%) of the flux from a point 
source for a given off- axis angle. However, both 
the focus position of the detector and the quality 
of the spacecraft aspect solution were not neces- 
sarily optimal in these early observations. Instead, 
we measured the radial distribution of source pho- 
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Table 1 

Selected Chandra Observations of Gas A 









^off— axis 


^aper 


^elapsed 


^good 




Rate*" 


ObsID 


Start time (UT) 


Instrument 


(arcmin) 


(arcsec) 


(s) 


(s) 


(ct) 


(ct ks-i) 


214 


1999 Aug 20, 00:07 


ACIS/S3 


2.3 


3.3 


6107 


2803 


420 


115 ±7 


220 


1999 Aug 22, 23:27 


ACIS/S3 


2.8 


2.0 


4279 


1212 


150 


113 ± 10 


221 


1999 Aug 23, 00:52 


ACIS/S3 


3.9 


4.5 


2103 


1060 


199 


128 ± 13 


222 


1999 Aug 23, 01:38 


ACIS/S3 


2.8 


3.8 


2080 


1044 


179 


125 ± 13 


172 


1999 Sep 05, 18:45 


HRC-S 


1.3 


3.0 


9485 


9485 


411 


43 ±2 


1409 


1999 Oct 23, 18:31 


HRC-I 


1.4 


3.0 


12770 


12770 


479 


38 ±2 



^^Counts in extracted aperture (including background). 
''Point source count rate (background subtracted). 



tons for each observation from the data and esti- 
mated a 95% extraction radius. Table 1 Usts the 
aperture sizes. 

The background in the point source region is 
dominated by the diffuse emission of the super- 
nova remnant and has strong contributions from 
both continuum and Hne emission (e.g., Holt et 
al. 1994). The point source is located within 
a relatively low surface brightness region of the 
remnant. Still, the background must be estimated 
with care, as there are significant compositional 
gradients in this part of the remnant (and perhaps 
variations in the underlying plasma conditions), 
resulting in varying line strengths with position 
(see also Hughes et al. 2000). After investigating 
the line strengths in a number of nearby regions, 
we selected an off-centered 48 x 15 arcsec^ rect- 
angular region around the point source (with the 
point source itself and a small surrounding buffer 
region excluded) to estimate the background sur- 
face brightness near the point source. The point 
source and the background region are shown in 
Figure 1. 

The ACIS instrumental response may be pa- 
rameterized by a photon energy redistribution ma- 
trix (hereafter RMF), which maps incident pho- 
ton energy to detected pulse height amplitudes 
(PHAs). Every ACIS chip (1024 x 1026) is di- 
vided into four parallel (256 x 1026) quadrants, 
each read out separately by four individual ampli- 
fiers. Each quadrant requires a unique RMF, as 



each readout amplifier has a difi^erent gain. Ad- 
ditionally, the parallel and serial charge transfer 
inefficiency in the BI chips leads to differences in 
energy resolution and detection efficiency versus 
position within a quadrant as well. Consequently, 
the ACIS instrument team has supplied multiple 
position-dependent RMFs for each quadrant. We 
used the 1999 October 28 version of RMFs devel- 
oped for observations taken at a focal plane tem- 
perature of -100° C. 

Fortuitously, the Cas A point source (and 
nearly all of the selected background region) lies 
entirely in quadrant 2 for all four of the S3 obser- 
vations. Furthermore, the four observations were 
located within 250 pixels of each other within the 
chip quadrant, minimizing the differences in CCD 
response. Thus, the four RMFs appropriate for 
each observation may be combined without any 
serious loss of accuracy. This allows us to sum 
the four individual S3 count spectra into a single 
"grand total" S3 count spectrum with improved 
statistics. In addition to the RMFs, an ancillary 
response function (hereafter ARF) is needed to 
characterize the effective of the HRMA and 
the quantum efficiency of the ACIS detector as a 
function of incident photon energy and off-axis an- 
gle. We computed the appropriate ARF for each 
observation using software created by members of 
the ACIS and High Energy Transmission Grating 
instrument teams at MIT. The overall instrumen- 
tal response is given by the product of the RMF 
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Fig. 1. — A broad-band 0.3-10 keV intensity map 

of Cassiopeia A, as imaged by a 2.8 ks exposure 
with ACIS S3 (ObsID 214). The upper panel 
shows the intricate structure present, including 
the central point source. The lower panel is an 
expanded view of the boxed region in the upper 
panel. Both the point source and the rectangular 
region used for the background region (see §2.2) 
are indicated. 



and the ARF. We computed this product for each 
observation, and then combined these products 
by an exposure-weighted average for use with our 
summed count spectrum. 

2.2. X-Ray Spectral Fitting 

The summed, background-subtracted ACIS 

count spectrum was analyzed using the XSPEC 
vlO.OO software package (Arnaud 1996). We 
rebinned the data at 0.15 keV resolution (32 
ADU/channcl) and restricted our analysis to 21 
bins in the 0.7-4.0 keV range, resulting in at least 
10 count bin~^ in all but 3 bins at high energy 
(with a minimum of 5 count bin""'^ and a maximum 
of 71 count bin^^), and a total of 630 counts. The 
rebinned count spectrum is shown in Figure 2. In 
light of the relatively low count rate, our model fit- 
ting weighted each bin by 1 + (iV^ -|-0.75)^/'^ rather 

1 /2 

than N- ' (where Ni is the number of counts in 
bin i). This is a superior weighting scheme when 
Ni is small and asymptotes to the usual weighting 
when Ni is large (Gehrels 1986). 

We fit several different spectral models to these 
data: a simple power law, thermal bremsstrahlung, 
an ideal blackbody (BB), and two modified BB 
models'^. The modified BB models assume that 
the emitting object is a NS and account for the 
effect of a light-element stellar atmosphere on the 
emergent spectrum. The strong NS surface grav- 
ity essentially guarantees that the photosphere 
will be dominated by the lightest element present 
(Alcock & Illarionov 1980; Romani 1987). For 
such atmospheres with T ~ 10^ K, the de- 
pendence of free-free absorption will shift the peak 
of the emission blueward from that of an ideal BB 
(Romani 1987; Zampieri et al. 1995). Previous 
authors have shown that neglecting this effect and 
fitting the Wien tails of such spectra with an ideal 
BB model significantly overestimates the effec- 
tive temperature and underestimates the emitting 
area (Rajagopal & Romani 1996; Zavlin, Pavlov, 
& Shibanov 1996; Rutledge et al. 1999). To 
consider this possibility, we employed two mod- 
els: the simple analytic spectrum emerging from 
the power-law atmosphere of Heyl & Hernquist 

^For the BB and modified BB models, the quoted spectral 
parameters are those that would be measured by an ob- 
server at infinity, assuming the gravitational redshift cor- 
rection factor for a 10 km NS. 
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Fig. 2. — The background-subtracted 

Chandra/ ACIS-S count spectrum of the Cas A 
point source, summed from the four individual S3 
exposure on 1999 Aug 20-23 for a total exposure 
of 6119 s. The dark line shows the spectrum 
predicted by an absorbed blackbody model with 
A;T~ = 0.53 keV and Nh = 0.84 x 10^2 cm'^. 
Other models (power law, NS atmosphere) may be 
similarly fit; the present data do not discriminate 
strongly between these models. 



(1998a; hereafter HH98a), with 7 = 3 as appropri- 
ate for a light-element atmosphere; and the more 
detailed H atmosphere model of Zavlin, Pavlov, & 
Shibanov (1996; hereafter ZPS96), developed for 
a weakly magnetized NS. 

For all these models, we included the effect of 
photoelectric absorption by neutral gas along the 
line of sight (Morrison & McCammon 1983), which 
is a significant effect at low (< 1 kcV) energies. 
With the relatively small number of low-energy X- 
ray photons detected from the Cas A point source, 
it is difficult to constrain A^h precisely. Moreover, 
its value in this situation is highly spectral-model- 
dependent and strongly covariant with the overall 
flux normalization. However, A'h may also be de- 
termined from radio measurements of the atomic 
and molecular hydrogen column densities using 
the 21 cm H I and 18 cm OH absorption lines, re- 
spectively. Keohane, Rudnick, & Anderson (1996) 
have used such data to derive a spatially-resolved 
column density map of the Cas A SNR at 30 arcsec 
resolution. Using this map, we estimate that the 
column density towards the Cas A point source is 
iVn = (1.1 ±0.1) X 10^2 (.ni-2. However, this esti- 
mate must be used with caution, as the radio maps 
give no information on small-angular-scale varia- 
tions in the column. For each spectral model we 
employed, we fit the data both with Nu held fixed 
at this value and with Nu as a free parameter. 

Our spectral fitting results are summarized in 
Table 2, and a typical model fit is shown in Figure 
2. All of the models gave formally acceptable fits'*; 
we arc unable to reject any of them on the basis of 
these data. However, the BB and NS atmosphere 
modcils fit slightly better to the data than the 
other models, although with inferred radii consid- 
erably smaller than the 10 km typically assumed 
for a NS radius. 

Interpretation of our results depends critically 
upon the reliability of the energy and effective 
area calibrations of Chandra, which are still be- 
ing evaluated by the instrument teams. To ver- 
ify the robustness of our conclusions, we made a 

^The fact that the reduced values are less than unity in 

some cases does not imply that the measurement uncer- 
tainties (given by Poisson statistics) are underestimated. 
The probability of obtaining a reduced ^ small as 0.7 
with only 19 degrees of freedom (assuming the true model 
is being fit) is 18%, which is thus within the Icr range for 
an acceptable fit. 
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Table 2 

X-RAY Spectral Fits for Car A Point Source 



Model 


(10^2 cm^) 


Photon 
index^ 




(keV) 


DOO d 

-^bb 
(km) 




X?ed/dof 


Power law 


1.681°:- 

1.1 (fixed) 


n 1 o+O.SO 

2.35 ±0.12 


n ar+O.OT 
U.OO_g Q5 








1.12/18 
1.44/19 


Thermal brems. 


1 Qq+0.23 

1.1 (fixed) 




1 07+0.61 

0.84 ± 0.09 


1 47+0.34 

-0.26 
-0.21 




5.2i?:| 

0+0.7 

•3-^-0.6 


0.92/18 
1.00/19 


Ideal blackbody 


0.84 ±0.15 
1.1 (fixed) 






0.53 ± 0.04 
0.49 ± 0.02 


0.411H? 

Q CCO+O.OS 
1-'.J^_0.04 


2.ol°:i 


0.69/18 
0.77/19 


NS atm. (HH98a') 


0.85irj 
1.1 (fixed) 






0.42 ± 0.03 
0.38 ± 0.02 


0.67 ±0.12 
0.88 ± 0.07 


J^-°-0.6 
9 1+0.6 
^•-'--0.4 


0.70/18 
0.76/19 


NS atm. (ZPS968) 


"-"■^^-0.16 

1.1 (fixed) 






0.28 ± 0.03 
0.26 ± 0.02 


i-8olg:i 
9 90+0.24 
^•^^-0.19 


^•'-'-0.9 

2.8l°:i 


0.74/18 
0.73/19 



''Photon index, defined such that the unabsorbed photon number fiux dN/dE oc E ^ . 
''Unabsorbed flux density at 1 keV, in units of 10^^ photon cm~^ s~^ keV~^. 

'^For BB and NS atmosphere models, as measured by an observer at infinity assuming a 10 km NS 
radius. 

■^Implied blackbody radius assuming a source distance of 3.4 kpc, as measured by an observer at 
infinity. 

''O.l-lO keV luminosity in units of 10^^ erg s~^ assuming a source distance of 3.4 kpc or bolometric 

luminosity at infinity for blackbody models. 

^Analytic NS power-law atmosphere of Heyl & Hernquist (1998a), with 7 = 3. 
atmosphere for a non-magnetic NS (Zavlin et al. 1996). 
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rough check of these cahbrations by fitting the X- 
ray spectral data from the 1999 Aug 23 ACIS/S3 
observation of SNR E0102-72 (Obsid 1231), the 
brightest supernova remnant in the Small Magel- 
lanic Cloud (SMC; Hayashi et al. 1994). For com- 
parison, we also analyzed archival spectral data 
for the same source as observed by ASCA on 1993 
May 12-13. For both data sets, we restricted our 
analysis to 0.6-2.6 keV (an energy band that both 
contains the majority of the SNR flux and spans 
a range similar to that of the Cas A point source) 
and fit the same plasma model, with fixed column 
density and non-solar abundances. The derived 
plasma temperatures agree to better than 2%, and 
the overall normalizations to within 13%, using the 
preliminary calibrations. 

2.3. X-Ray Timing 

We examined two on-axis observations of Cas A 
made with the HRC as part of the OAC pro- 
gram, using the HRC-S and HRC-I detectors re- 
spectively. These observations are summarized in 
Table 1. We obtained the processed level 2 event 
data from the Chandra Data Archive. In both 
cases, the overall count rate (~ 140 count s~^) 
from Cas A was below the telemetry threshold (« 
184 count s~^) where deadtime effects become sig- 
nificant. For each observation, we extracted all 
events within 3 arcsec of the point source centroid 
to conservatively ensure that all source photons 
were included. The photon arrival times, provided 
in terrestrial time (TT) at the spacecraft, were cor- 
rected to barycentric dynamical time (TDB) at the 
solar system barycenter using the JPL DE200 so- 
lar system ephemeris (Standish et al. 1992) and a 
geocentric spacecraft ephemeris. 

We binned the events into 0.5 ms time bins and 
computed a Fourier power spectrum of the result- 
ing time series. No significant pulsations were de- 
tected; the highest peak in the power spectrum 
had a significance of only 2(T when the number 
of trials is accounted for. To improve our statis- 
tics, we also computed an incoherent power spec- 
tral sum of 9 ks segments of each observation. 
Again, no significant pulsations were found, with 
the highest peak having a significance of only 0.8a 
including the number of trials. A large pulse fre- 
quency derivative might spread a coherent pulsa- 
tion over multiple power spectral bins, reducing 
our sensitivity. However, for the w 10 ks ob- 



servations used here, a pulse frequency derivative 
of i> = 1/T^ > 10~^ Hz s~^ would be required. 
This is 25 times larger than z> for the Crab pul- 
sar, and > 10"'' larger than the typical value for an 
AXP or SGR. To enhance our sensitivity to non- 
sinusoidal pulse shapes, we also performed har- 
monic folds of the power spectrum (sec, e.g., de 
Jager, Swanepoel, & Raubenheimer 1989). No sig- 
nificant pulsations were detected. 

After our initial analysis was completed, we 
learned of a wiring problem in the HRC on-board 
electronics that causes HRC events to be time- 
tagged incorrectly (S. S. Murray 2000, private 
communication; Seward 2000). The net effect of 
the problem is that the timing accuracy of the 
HRC is degraded from 16 ^s to ~4 ms. Conse- 
quently, we conservatively conclude that the HRC 
analysis presented here has no sensitivity to pul- 
sations with frequency above 50 Hz. We used our 
incoherent power spectral sum to estimate an up- 
per limit for the sinusoidal pulsed fraction of the 
Cas A point source, accoimting for the suppression 
of power spectral sensitivity at higher frequencies 
due to binning of the data (e.g., van der Klis 1989). 
We find that the 3a upper limit on the sinusoidal 
pulsed fraction is <35% for < 50 Hz. 

Our sensitivity to rapid pulsations depends 
upon an accurate correction for the motion of 
the spacecraft with respect to the barycenter. As 
a check of our barycenter corrections and of the 
spacecraft ephemeris, we analyzed a 1999 August 
31 HRC-I observation (ObsID 132) of PSR B0540- 
69, a young 50 ms pulsar associated with the su- 
pernova remnant N158A in the Large Magellanic 
Cloud, using the same data analysis procedure as 
for Cas A. (Detailed independent analyses of this 
observation are presented by Gotthelf & Wang 
2000 and Kaaret et al. 2000.) We compared this 
measurement with a 1999 September 1 observation 
of an overlapping field with the Rossi X-Ray Tim- 
ing Explorer (these data were generously made 
available by F. E. Marshall of NASA Goddard 
Space Flight Center). The frequencies measured 
in the two data sets were consistent within the 
uncertainties, and also agreed with the value ex- 
trapolated from a timing model based on a 1996 
Seppo^^X observation (Mineo et al. 1999). 
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3. DISCUSSION 

We have shown that the X-ray point source in 
Cas A has a spectrum well-described by cither an 
absorbed power law with photon index 2.8 3.6 and 
unabsorbed 0.1-10 keV luminosity (7-160) x 10^^ 
erg s~"^, or an absorbed BB or modified BB with 
kT°° PS 0.25-0.5 keV and bolometric luminosity 
L°° w (1-5) X 10^^ erg s~^. Our Chandra spec- 
tral and timing measurements, combined with pre- 
existing limits at other wavelengths, severely con- 
strain plausible models for the nature of the X-ray 
point source in Cas A. 

We begin by pointing out, for completeness, 
that our steep power law spectral fit essentially 
rules out the possibility that the point source 
is a background galaxy, as active galactic nuclei 
(AGN) typically lie within a range of photon in- 
dices r = 1.2-2.2 (Turner & Pounds 1986). The 
AGN scenario is also extremely implausible given 
that the point source is located within a few arc- 
sec of the expansion center of the SNR (Tanan- 
baum 1999). Moreover, given the surface density 
of AGNs on the sky at this flux level (Boyle et 
al. 1993), the probability of a chance coincidence 
is negligible. There is thus extremely strong in- 
ferential evidence that the point source is indeed 
associated with the supernova remnant. 

We now summarize the implications of our re- 
sults for several other interpretations. 

3.1. Classical young pulsar 

If the Cas A point source is a classical young 
pulsar (the conventional product expected for a 
type II SN explosion), then the X-ray radiation 
should be predominantly non-thermal power-law 
emission from relativistic acceleration of e+e~ 
pairs in the corotating NS magnetosphcrc (sec Ro- 
mani 1996). In Table 3, the properties of the 
point source are compared with the six young 
(< 10^ yr) classical pulsars whose X-ray spectra 
are well measured. All six of these pulsars have 
power law X-ray spectra with F = 1.1-1.7. The 
clearest distinction is that the spectral shape of 
the Cas A point source is considerably steeper 
than that of the young pulsars, although its X- 
ray luminosity is marginally consistent with the 
lower end of the young pulsar range. The upper 
limit on the point source's X-ray pulse fraction 
(< 35%) is lower than at least three of the mea- 



sured pulsed fractions in the young pulsars. In the 
other three pulsars, the lower limit on the pulsed 
fraction is consistent with the point source's up- 
per limit, but it is likely that these pulsar lower 
limits are a drastic underestimate due to the pres- 
ence of plerionic emission. Radio pulsations have 
not been detected from Cas A, with an upper limit 
of Leoo < 530 d| 4 mJy kpc^ for the 600 MHz ra- 
dio luminosity (Lorimer, Lyne & Camilo 1998), in 
contrast to five of the six young pulsars'"^. This 
non-detection in Cas A could be explained by 
beaming, judging from the observed radio lumi- 
nosities in young pulsars (« 900 mjykpc^ for the 
Crab and PSR B0540-69, but only « 30 mJy kpc^ 
for PSR B1509-58, PSR Jl 119-6127, and PSR 
J1617 5055; Taylor, Manchester, & Lyne 1993; 
Kaspi et al. 1998, 2000). The Chandra images 
also show no obvious evidence for a plerion sur- 
rounding the point source. Plcrions, powered by 
synchrotron emission, have been detected around 
five of the six classical young pulsars in Table 3 
(the exception is PSR J1617 5055; Kaspi et al. 
1998), and even around some X-ray point sources 
in SNRs which are not known pulsars. Based prin- 
cipally on the X-ray spectral shape, with some 
support from the other properties, we conclude 
that the point source in Cas A is not a classical 
young pulsar. 

If the Cas A point source is a NS, the ab- 
sence of both detectable radio pulsations and a 
synchrotron nebula may indicate that it lies be- 
yond the so-called pulsar "death line", an empir- 
ical boundary on the spin-period-magnetic-field 
plane beyond which radio pulsars have generally 
not been detected, presumably because the NS 
does not generate enough e+e" pairs to power 
significant non-thermal emission^' (Chen & Rud- 
erman 1993). In this case, we would expect a 
strongly magnetized {B > 10^^ G) NS to have 
a spin period of order at least a few seconds. Con- 
versely, a rapidly spinning NS {P ~ 30 ms) would 
have a very weak magnetic field {B < 10^ G), per- 
haps consistent with delayed field growth (Bland- 

^One of these pulsars, PSR J1846— 0258, was only recently 
discovered in the X-ray band (Gotthelf et al. 2000) . A radio 
search has not been reported since the X-ray pulsations 
were detected. 

^The recent identification of a radio pulsar well beyond the 
death line, PSR J2144-3933 (P = 8.51 s, B Ri 6 X lO" 
G) indicates that this argument must be used cautiously 
(Young, Manchester, & Johnston 1999). 
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^For the Cas A point source and AX J1S45 — 0258, the powerlaw (PL) and (blackbody) BB models are alternative fits to the same 
data. For all the other sources, the PL and BB models are each components of a combined model. 

^Here, we only include those sources that are well-established and have constrained spectral properties. 

*^We note that this value is /lai/ that reported in the literature, due to a different definition of pulsed fraction by these authors. 
*^The spectral properties and pulse fractions listed for the SGRs are for quiescent emission. 

®The extended radio nebula GIO. — 0.3, once identified as a SNR, is now thought to be powered by a massive companion or the 
SGR itself (Gaensler 2000; Eikenberry & Matthews 2000; Frail, Vasisht & Kulkarni 1997). 



References.— (1) Pctrc ct al. 1982; (2) Pctrc, Becker & Winkler 1996; (3) Pavlov, Zavlin & Trumper 1999; (4) Helfand & Beeker 
1984: (5) Mereghetti, Bignami & Caraveo 1996: (6) Tuohy & Garmire 1980; (7) Gotthelf, Petre Sz Hwang 1997; (S) Zavlin et al. 2000; 
(9) Gotthelf et al. 2000; (10) Harnden &z Seward 1984; (11) Marsdcn et al. 1997; (12) Gaensler et al. 1999a; (13) Finley et al. 1993; 
(14) Seward & Harnden 1994; (15) Wang &c Gotthelf 199Sa; (16) Wang & Gotthelf 1998b; (17) Marshall et al. 1998; (18) Torii ct al. 
1998b; (19) Kaspi et al. 1998; (20) Gotthelf &z Vasisht 1997; (21) Gotthelf, Vasisht & Dotani 1999b; (22) Corbet &c Mihara 1997; (23) 
Oosterbroek et al. 1998; (24) Torii et al. 1998a; (25) Gaensler et al. 1999b; (26) Sugizaki et al. 1997; (27) Israel et al. 1999a; (28) 
Kaspi, Chakrabarty & Steinberger 1999; (29) White et al. 1996; (30) Israel et al. 1999b; (31) Rho & Petre 1997; (32) Vasisht et al. 
1994; (33) Woods et al. 1999a (34) Sonobe et al. 1994: (35) Corbel et al. 1997; (36) Kouveliotou et al. 1998 ; (37) Vancura et al. 
1992; (38) Marsden et al, 1996; (39) Woods et al. 1999b: (40) Corbel et al. 1999; (41) Hurley et al, 2000. 

Note.— /3 is defined as the ratio between the source distance from the center of the SNR to the radius of the SNR; the characteristic 
age is defined as tc = P/2p; luminosities are either bolometric (BB) or for the 0.1 — 10 keV band (PL). 
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ford, Applegate & Hernquist 1983). 

3.2. Cooling neutron star 

An alternative interpretation is that the X-rays 

from the Cas A point source arise from thermal 
emission from a cooling NS. A 300 yr old NS cools 
primarily via neutrino emission; standard cool- 
ing models predict thermal photon emission from 
the surface with kT°° = 0.15-0.25 keV (Page & 
Sarmiento 1996; Page 1998). All of our BB and 
modified BB fits for the Cas A point source yield 
somewhat higher temperatures {kT°° w 0.25-0.5 
keV), as well as much smaller BB radii {R^ ~ 
0.6-2.6 km) than expected for a 10 km NS, even 
when accounting for a light-element atmosphere. 
The NS atmosphere models (HH98a, ZPS96) that 
we fit to the data were computed assuming a weak 
{B < 10^° G) magnetic field, which may be a 
poor assumption for a young NS. Qualitatively, 
however, the presence of a magnetic field of or- 
der ~ 10^^ G will shift the peak of the emission 
in a light-element atmosphere redward towards the 
ideal BB case (Pavlov et al. 1995), thus exacer- 
bating the discrepancy between the data and stan- 
dard NS cooling curves. We note, however, that 
the behavior of spectral shifts in ultrastrong mag- 
netic fields {B ~ 10^^-10^^ G) has not yet been 
calculated. 

While our inferred temperature is marginally 
consistent with standard NS cooling curves, the 
small emitting area remains problematic, espe- 
cially given our limits on the X-ray pulsed frac- 
tion. Strong {B ~ W^^-IO^^ G) magnetic fields 
will produce a non-uniform temperature distribu- 
tion on the surface of a NS, owing to anisotropic 
electron conduction through the star's outer en- 
velope (e.g. Greenstein & Hartke 1983; Heyl & 
Hernquist 1998b, 2000). However, the resulting 
temperature variation across the surface does not 
produce small hot spots, but is instead smoothly 
varying with a local flux roughly oc cos^ ip, where 
i/j is the polar angle from the magnetic axis. This 
would reduce the effective area of the emitting sur- 
face by a factor 3, far less than the factor of 
30-100 required by our spectral fits. 

Similar conclusions motivated Pavlov et al. 
(2000) to consider a model in which the magnetic 
polar caps are intrinsically hotter than the bulk of 
the stellar surface, as a result of horizontal chem- 
ical abundance gradients through the conductive 



envelope. Light element envelopes transmit heat 
more readily than ones made of heavy elements 
(Chabrier, Potekhin fc Yakovlev 1997; Heyl & 
Hernquist 1997a), so hot polar caps consisting of 
hydrogen embedded in a cooler iron crust can, in 
principle, yield an emitting area consistent with 
the spectral fits (Pavlov et al. 2000). However, 
such a model predicts that the emission should be 
pulsed at the rotation period of the star, unless 
either the magnetic and rotation axes are nearly 
aligned, or the line of sight nearly coincides with 
the rotation axis. Pulsed fractions at the level 
of 10 70% required to account for the putative 
thermal emission from middle aged radio pul- 
sars (e.g. Becker & Trumper 1997) and AXPs 
(e.g., Mereghetti 2000) can be produced from 
smoothly varying properties of NS envelopes, such 
as anisotropic heat conduction (Heyl & Hernquist 
1998b) or directionally dependent opacities (e.g. 
Pavlov et al. 1994, Zavlin et al. 1995, Shibanov 
et al. 1995), even when gravitational bending of 
light is included (e.g. Page 1995, Heyl & Hern- 
quist 1998b). An even larger pulsed fraction will 
result, in general, from the hot spot model. For 
example, in the case of the orthogonal rotator 
model of Pavlov et al. (2000), we estimate typi- 
cal maximum to minimum flux variations > 2 for 
IAMq NSs with radii R> 7 km. This is in severe 
disagreement with the upper limits we obtain for 
the pulsed fraction.^ Observationally, we cannot 
yet exclude the case of a nearly aligned rotator, 
but it is not clear that the horizontal abundance 
gradients required by the Pavlov et al. model will 
be stable for long times in the liquid crust. 

3.3. Accretion onto a neutron star or black 
hole 

We now consider the possibility that the point 
source in Cas A is powered by accretion onto a 
NS or a BH. This possibility was also raised by 
Umeda et al. (2000) and Pavlov et al. (2000). We 
assume that the accretion is fed by fallback mate- 
rial left over after the original supernova explosion 
(e.g. Chevalier 1989). We prefer such a model to 
a binary accretion model since there is no opti- 
cal/IR evidence for a such binary companion star 

For special choices of the NS radius, however, gravitational 
bending of light will make the entire stellar surface singly 
visible, eliminating any pulsed component; see, e.g. figure 
7 of Heyl & Hernquist (1998b). 
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(van den Bcrgh & Pritchet 1986). A very low-mass 
dwarf companion might have evaded detection, 
but such a companion would be unhkely to re- 
main bound in the binary following the supernova 
explosion, given the high mass of the Cas A pro- 
genitor (Brandt & Podsiadlowski 1995; Kalogera 
1996). 

We begin with the possibility of accretion onto 
a NS. If the accretion occurs via a thin disk ex- 
tending down to the marginally stable orbit at 
&GM/(?, or the NS surface (whichever is larger), 
then we expect significant emission from an equa- 
torial boundary layer where the accreting matc>- 
rial meets the star. The emitting zone is expected 
to have a radial extent roughly equal to the lo- 
cal scale height of the disk (Narayan & Popham 
1993; see also Inogamov & Sunyaev 1999 for a 
recent discussion of boundary layer models). If 
the boundary layer is optically thick, then it will 
emit BE radiation. For an accretion luminosity 
~ 1033-5 ergs-i < lO^^'LEdd, the scale height is 
^ 0.1 km, and the effective area of the radiating 
zone is ^few km^ . This is in reasonable agreement 
with the effective area ~km^ determined from fit- 
ting the Chandra data (Table 2). We consider this 
a viable model, although we note that the optical 
thickness of such boundary layers is not well un- 
derstood. 

This boundary layer model requires that the NS 
have a very weak magnetic field. Specifically, the 
magnetospheric radius has to be smaller than 
the stellar radius, which implies that B < 10^ G 
for the estimated X-ray luminosity. If the mag- 
netic field is somewhat stronger, then the disk 
would be terminated at ri„. Even in this case, 
we might expect a boundary layer to develop at 
Tm, and the model would be consistent with the 
observations for fields B < 10° G. Wc note that for 
sufficiently large B, accreting material is centrifu- 
gally expelled from the system at Tm (lUarionov & 
Sunyaev 1975). In this case, very little material 
would reach the neutron star and there would be 
negligible X-ray emission (e.g., Chatterjee, Hern- 
quist, & Narayan 2000: Alpar 1999, 2000). 

If the NS instead has a magnetic field > 10^^ 
G typical of young radio pulsars, then boundary 
layer emission is unlikely to explain the observed 
X-rays. In this case, we would have to assume 
that the accreting material is able to reach the sur- 
face of the neutron star, which would require that 



the neutron star be spinning quite slowly (in or- 
der to avoid centrifugal expulsion of matter). The 
effective area of the radiating zone would again 
be small, and could thus be consistent with the 
observations. However, we would predict strong 
coherent pulsations in the X-ray signal . Our up- 
per limit of 25% on the pulsed fraction from the 
Cas A point source does not rule out pulsations 
at the level observed in many known B ~ 10^^ 
G accreting pulsars. More sensitive searches for 
pulsation would be very worthwhile. 

A third kind of accreting NS model is one in 
which the accretion disk is truncated at a large 
transition radius, and the flow farther in occurs 
via an ADAF (as in the Narayan et al. 1997 model 
for low- luminosity BH binaries). Boundary layer 
emission in such a model is not well understood, 
so we are not in a position to predict the emission 
spectrum. However, if the ADAF is terminated at 
fm and the material then flows onto the magnetic 
poles, the spectrum would be similar to the case 
with a thin disk which was discussed above. 

Accreting BH models face considerably greater 
difficulty in fitting the observations. This is be- 
cause neither a boundary layer nor channeled ac- 
cretion onto magnetic poles is expected. There- 
fore, any blackbody emission should be primar- 
ily from the inner accretion disk, with an effec- 
tive area of several times 7ri?g, where i?s is the 
Schwarzschild radius of the black hole. For a 
lOM© BH, the area is ^ 10^ km^, which is clearly 
inconsistent with the X-ray data. This means that 
the X-ray emission from a BH point source in 
Cas A would have to originate either via Compton 
scattering in an optically thin corona over a thin 
disk, or via optically thin bremsstralilung omission 
from a hot ADAF. We have explored models of this 
kind, using the modeling techniques described in 
Narayan et al. (1997) and Quataert & Narayan 
(1999), but we find that we need to fine-tune the 
models to an uncomfortable degree to fit the ob- 
servations. 

It is important to note that accretion models 
arc severely constrained by the observed flux ra- 
tio between X-ray and optical bands. The optical 
limits on a stellar remnant in Cas A are 7 > 23.5 
and R > 24.8 (van den Bergh & Pritchet 1986). 
Applying the extinction corrections estimated by 
these authors, the X-ray-to-optical flux ratio is 
-Fx/-Fopt > 100. Although this is typical for bright 
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X-ray binaries, it is considerably larger than the 
ratios observed in quiescent accreting BHs and 
NSs with luminosities comparable to the Cas A 
point source, e.g. Fx/^opt ~ 1/30 for the BH 
system A0620-00 and i^x/i^opt ~ 1/3 for the NS 
system Cen X-4 (McCUntock & Remillard 2000). 
Both sources have an X-ray luminosity lower than 
the point source in Cas A, and both have opti- 
cal luminosities significantly higher than the up- 
per limit for the Cas A source. If the spectra of 
these sources are characteristic of accreting BHs 
and NSs at low luminosities, then accretion mod- 
els for Cas A are ruled out with high confidence. 

It is possible, however, to evade this conclu- 
sion by arguing that these low-mass X-ray bina- 
ries (LMXBs) are a poor comparison to the Cas A 
point source. First of all, the quiescent optical 
emission in some BH binaries has been modeled 
as synchrotron emission from a hot advcction- 
dominated accretion flow (ADAF) close to the BH 
(Narayan, McClintock & Yi 1996; Narayan, Bar- 
ret & McClintock 1997). However, if the emission 
instead comes from a "hot spot" (e.g., where the 
accretion stream from the mass donor hits the thin 
accretion disk), then it is specific to binary sys- 
tems and should be absent in systems with a fall- 
back disk. This possibility has not been modeled 
in any detail. Also, X-ray reprocessing in the ac- 
cretion disk is a significant source of optical emis- 
sion in LMXBs (van Paradijs & McClintock 1995), 
especially since the outer disks evidently subtend 
a large semi-angle (~ 12°) at the central object 
(de Jong, van Paradijs, & Augusteijn 1996). The 
reason for such large angles may be warping of 
the outer disk (see Dubus et al. 1999; Esin et al. 
2000). But if such warps are induced primarily by 
binary effects, then a fallback disk in Cas A might 
not be similarly warped (although it has been ar- 
gued that irradiation alone can lead to significant 
warping; sec Pcttcrson 1977; Pringle 1996; Mal- 
oney et al. 1996). For an unwarped disk, the 
subtended semi-angle would be set by the disk's 
scale height at the relevant radius 10"^" cm). 
By employing an analysis similar to that in Perna, 
Hernquist & Narayan (1999), we estimate that the 
re-emittcd optical flux in such a model would be 
(just) below the optical flux limits for the Cas A 
source. 

Thus, the optical limits strongly constrain ac- 
cretion models, but do not yet conclusively elim- 



inate them. By comparing the predictions of the 
models with the X-ray observations, specifically 
the small effective area ~ km^ of the emission, we 
conclude that models with accreting NSs are more 
promising than those with BHs. 

3.4. Comparison with AXPs, SGRs, and 
radio-quiet point sources 

It is interesting to compare the properties of the 
Cas A point source with three classes of objects 
whose nature remains puzzling: AXPs, SGRs, and 
the radio-quiet non-plerionic X-ray point sources 
in SNRs. Both AXPs and SGRs pulse with slow 
spin periods despite being young objects (based 
on their association with SNRs). We summarize 
the X-ray properties of these objects in Table 3. 

The X-ray spectrum of most AXPs is best char- 
acterized by a two-component spectrum consist- 
ing of a ~ 0.5 keV BB and a steep (P = 3-4) 
power law extending out to 10 keV, with com- 
parable luminosity in both components. The BB 
components have ~ 1-4 km and ~ 10^^- 
2q35 ^j.g quite similar to the BB fit for the 
Cas A point source. (We note that, due to poor 
photon statistics in the present data, we would 
be unable to detect the presence of an addi- 
tional power-law component with this BB fit if 
the Cas A point source has an AXP-like two- 
component spectrum.) While four of the AXPs 
have large pulsed fractions (30-70%), two have 
much lower pulsed fractions (10-15%) which are 
consistent with the non-detection of pulsations in 
Cas A. However, the X-ray luminosity of the Cas A 
source is at least a factor of three to ten lower than 
that of the AXPs, in spite of its relative youth. 
Overall, the properties of the Cas A point source 
are roughly consistent with being an underlumi- 
nous AXP. This possibility can be tested by a 
deeper search for long-period X-ray pulsations. 

The quiescent emission of SGRs may be fit with 
a power law with P = 1.1 2.5 and a 2-10 keV lumi- 
nosity of (3-100) X 10^^ erg s~^ . These spectral pa- 
rameters are also consistent with those measured 
for Cas A. However, we note that the proposed as- 
sociations between SGRs and SNRs are somewhat 
tenuous, in contrast to those proposed for AXPs 
(Gaensler 2000). Moreover, no soft gamma-ray 
bursts have ever been detected from the direction 
of Cas A. 
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Finally, there are the three radio-quiet X-ray 
point sources that each lie near the center of an 
SNR and have no evidence for a plerion. The X- 
ray properties of these sources arc summarized in 
Table 3. The X-ray emission from these objects is 
well characterized by a BB spectrum with kT°° w 
0.2-0.6 keV and i?bb ~ 0.6-3 km, comparable to 
what we measure in Cas A. From a spectral point 
of view, these four sources form a remarkably ho- 
mogeneous group. Pulsations {P — 424 ms) have 
recently been detected from the source in PKS 
1209-52 (Zavlin et al. 2000), and possibly from 
the source in Pup A (Pavlov, Zavlin, & Triimper 
1999); in both cases, the measured pulsed frac- 
tion is below the limit placed in Cas A. However, 
the point source in RCW 103 has shown order of 
magnitude variability in its flux (Gotthelf, Petre, 
& Vasisht 1999a), with a possible 6 hr periodicity 
recently reported (Garmire ct al. 2000). This is 
in stark contrast to the Cas A point source, which 
shows no evidence for strong variability on either 
short ('-^hours-weeks; see Table 1) or long (^years; 
see Pavlov & Zavlin 1999; Pavlov et al. 2000) time 
scales. 

4. CONCLUSIONS 

At present, we do not have a unique model to 
account for the observed properties of the X-ray 
point source in Cas A. Thermal emission from an 
isolated, cooling NS can account for the data, but 
only if unconventional modifications are incorpo- 
rated into spectral models in order to satisfy the 
requirement that the emitting area be small. Lo- 
calized hot spots can, in principle, be produced on 
the surface of a NS by horizontal crlicnriical abun- 
dance gradients in the liquid envelope (Pavlov et 
al. 2000). However, such hot spots should give 
rise to a significant pulsed component to the emis- 
sion, in general, and such models will likewise be 
constrained by future limits or detections of X-ray 
modulation. Accretion onto a BH does not ap- 
pear promising, but NS accretion provides a viable 
mechanism for explaining the characteristics of the 
X-ray emission. If the NS is very weakly mag- 
netized, the observed emission could arise from 
a boundary layer. Otherwise, the X-rays could 
be produced by magnetically-channeled accretion 
onto the NS. In the latter case, we expect pulsed 
emission, so again, future timing limits test this 
interpretation. 



The point source in Cas A is similar in many 
respects to the AXPs and quiescent SGRs, which 
have been interpreted as ultramagnetized neutron 
stars ( "magnctars" ; Duncan & Thompson 1992; 
Thompson & Duncan 1996; Heyl & Hernquist 
1997a, 1997b) or as neutron stars with normal 
magnetic fields of order lO-'^^-lO^^ G accreting 
from fallback disks (Chatterjee et al. 2000; Al- 
par 1999, 2000). It is important to note the de- 
tailed thermal emission from neutron stars with 
magnetic fields B ~ lO^'^-lO^^ has yet to be cal- 
culated. Conceivably, X-ray spectra in this regime 
could account for the small emitting areas of the 
Cas A point source and the AXPs without requir- 
ing small polar hot spots. 

Regardless of the eventual resolution to the puz- 
zling aspects of the point source in Cas A, it is 
already clear that the mere existence of this and 
similar objects demands a dramatic revision of our 
generally accepted notions of the nature of com- 
pact objects found in supernova remnants. The 
discovery of radio pulsars in the 1960s led to a 
paradigm in which supernovae generally leave be- 
hind strongly magnetized, rapidly rotating neu- 
tron stars. The subsequent failure to locate radio 
pulsars in the majority of SNRs has been a long- 
standing problem for this point of view (Kaspi 
2000, Gotthelf & Vasisht 2000). The unantici- 
pated properties of the Cas A point source and the 
relative youth of the Cas A SNR imply that the 
birthrate of "unusual" compact objects is likely to 
be at least roughly comparable to that of radio 
pulsars, potentially resolving the difficulties posed 
by SNR/pulsar associations. In this sense, the 
identification of the point source in Cas A may 
be as significant to our understanding of neutron 
stars as was the original discovery of radio pulsars. 
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